The synthesis of secondary metabolites is a hallmark of plant defence against herbivores. These compounds may be detrimental to consumers, but can also protect herbivores against parasites. Floral nectar commonly contains secondary metabolites, but little is known about the impacts of nectar chemistry on pollinators, including bees. We hypothesized that nectar secondary metabolites could reduce bee parasite infection. We inoculated individual bumblebees with Crithidia bombi, an intestinal parasite, and tested effects of eight naturally occurring nectar chemicals on parasite population growth. Secondary metabolites strongly reduced parasite load, with significant effects of alkaloids, terpenoids and iridoid glycosides ranging from 61 to 81%. Using microcolonies, we also investigated costs and benefits of consuming anabasine, the compound with the strongest effect on parasites, in infected and uninfected bees. Anabasine increased time to egg laying, and Crithidia reduced bee survival. However, anabasine consumption did not mitigate the negative effects of Crithidia, and Crithidia infection did not alter anabasine consumption. Our novel results highlight that although secondary metabolites may not rescue survival in infected bees, they may play a vital role in mediating Crithidia transmission within and between colonies by reducing Crithidia infection intensities.
Introduction
Plant secondary metabolites play a fundamental role in structuring interactions between plants and herbivores, with consequences for population dynamics, community structure and trait evolution [1] . There is growing recognition that these compounds can mediate tritrophic interactions among plants, herbivores, and their natural enemies. For example, although secondary metabolites can reduce survivorship and reproduction, their consumption can also benefit herbivores by reducing parasitism or predation [2, 3] . Similarly, plant secondary metabolite consumption slows the growth of some protozoan gut parasites of insects, including the causal agents of human diseases such as Chagas and leishmaniasis [4, 5] .
Plant secondary metabolites are not only found in leaves but are also common in floral rewards such as nectar [6] . For example, a broad survey revealed that virtually all plant species' floral nectar contained non-protein amino acids, 36% contained phenolics and 8% contained alkaloids [7] . Although bees are generally pollinating mutualists of plants, bees can also broadly be considered herbivores that consume nectar and pollen. As such, they are exposed to an extensive array of secondary metabolites as both larvae and adults. Like other herbivores, bees are integrated in trophic systems that include both host plants and natural enemies [8] . Parasites are strongly implicated in the decline of both managed and wild bees [9] , but impacts of dietary secondary metabolites on bee-disease dynamics remains a largely unexplored frontier.
Similar to foliar herbivores, bees experience both negative and positive effects of consuming plant chemicals. There are numerous reports of bees poisoned by secondary metabolites in nectar and pollen [6, 10] , and bees can incur reproductive costs when they consume these compounds [11] . However, limited evidence demonstrates that secondary metabolites can benefit bees, for example by enhancing memory and foraging efficiency [12] , reducing parasite infection [13] and controlling pathogenic fungi [14] . The potential therefore exists for plant secondary metabolites to play an important role in mediating tritrophic interactions among plants, pollinators and parasites, but how costs and benefits of chemical consumption affect bee survival and reproduction remains relatively unexplored.
The goals of this study were to assess the extent to which consumption of a diverse array of plant secondary metabolites affects bee resistance to parasites, and ascertain how secondary metabolites affect bee performance directly and indirectly via impacts on parasitism. We studied the common eastern bumblebee, Bombus impatiens, a generalist forager whose diet includes a variety of plant secondary metabolites [15] , and its protozoan intestinal parasite, Crithidia bombi (hereafter Crithidia), which has negative fitness effects on bumblebees, including shortened individual and colony lifespan and reduced colony production of new queens [16] . We infected bees with Crithidia, then fed them sugar solutions containing either one of eight naturally occurring nectar chemicals (table 1) or a control (electronic supplementary material, figure S1 ). Given their medicinal and anti-trypanosome effects in other contexts [4, 5] , we predicted that secondary metabolites would lower bee parasite infection. Second, for the alkaloid anabasine, which most strongly reduced Crithidia counts in bees, we used replicate microcolonies to test the individual and combined effects of parasite infection and diet chemistry on bee survival and reproduction (electronic supplementary material, figure S1 ). We predicted we would observe a trade-off, where both parasitism and anabasine consumption would directly reduce reproduction and survival of bees, but anabasine would indirectly benefit bees by reducing parasite load. Given global concerns over pollinator declines [23] , plant secondary metabolites could play key roles in maintaining pollinator health by reducing bee disease if such benefits outweigh the costs.
Material and methods (a) Study system
Bombus impatiens was used for the experiments. It is a generalist pollinator species, common across eastern North America [15] and commercially available. Crithidia bombi (Kinetoplastea; Trypanosomatida) is a single-host protozoan intestinal parasite that infects many species of bumblebees, including B. impatiens [24] . Crithidia has been identified as one of numerous possible causal agents in the decline of North American bumblebees [25] . Crithidia is horizontally transmitted via contact between bees and faecal contamination of nest materials and flowers [26] . Infection rates vary greatly, with as many as 80% of individuals infected in some populations [24] . The parasite stimulates an immune response in bees [27] , with cell numbers reaching an asymptote 7 -10 days after infection [28] . Crithidia negatively affects bee fitness by shortening individual and colony lifespan, altering foraging behaviour and reducing the production of offspring [16] .
(b) Experimental protocol (i) Crithidia inoculum
We isolated Crithidia from wild B. impatiens collected in Massachusetts and Vermont, USA, and maintained it in commercial B. impatiens colonies (Biobest Canada, Leamington, Canada; Koppert Biological Systems, Howell, MI, USA). We prepared a fresh Crithidia inoculum each day to inoculate bees in experimental trials. To do so, we sacrificed 10 workers from infected colonies and ground each intestine with a glass rod in 300 ml of Table 1 . Experiment 1: plant secondary metabolites naturally occurring in floral nectar tested for effects on the gut pathogen Crithidia bombi when consumed by its host, Bombus impatiens. (Compound concentrations were chosen based on reports of occurrence in floral nectar, except gallic acid and thymol, for which we estimated values from concentrations reported in Apis mellifera honey, and aucubin and catalpol, which are unpublished data. We report main effects for ANCOVAs comparing parasite load of bees consuming each compound to those of controls. Statistically significant differences: *p 0.05; **p 0.01 and ***p 0. figure S1 ). We chose to study secondary metabolites that are: (i) known to occur in nectar of plants growing within the distributional limits of Bombus species and likely to be visited by them; (ii) commercially available; and (iii) representative of a broad range of chemical classes.
In eight separate trials, we inoculated bees with Crithidia and then fed them a diet of control sucrose or sucrose plus secondary metabolites, using a protocol modified from Manson et al. [13] . Each trial included bees from two to eight Crithidia-free source colonies. We attempted to balance treatment and control sample sizes, and used a mean of 38 (+16.5 s.d.) bees per treatment per trial (range: 15 -67 bees). To rule out possible effects of contact with nest-mates on experimental bees, we removed clumps of worker-caste pupae from colonies before emergence and placed them in separate plastic containers. Each day, we weighed newly emerged adult workers and moved them to individual 18.5 ml clear plastic vials with honeybee-collected pollen (Koppert Biological Systems; Linden Apiaries, Walpole, NH, USA) and wicking feeders for nectar solution. After 2 days, we removed food for 4 -6 h, then fed each bee a 10 ml inoculum containing 6000 Crithidia cells, which is similar to concentrations encountered in nature by bees [27] [28] [29] . We verified that bees consumed this inoculum, then provisioned them for 7 days with ad libitum pollen and a 30% sucrose solution either with or without one of the secondary metabolite compounds.
We purchased synthetic compounds (Indofine, Hillsborough, NJ, USA; Sigma-Aldrich, St. Louis, MO, USA) and prepared experimental secondary metabolite solutions at concentrations reported for floral nectars (table 1) . For two compounds, we were only able to obtain data for concentrations in single-origin Apis mellifera honey, and chose secondary metabolite concentrations at approximately one-third that strength (table 1 ). Most compounds were tested in single, individual trials comparing the secondary metabolite treatment to a control. Amygdalin and anabasine were each tested in two separate trials to assess consistency across trials, and because results were similar, data were combined for analysis of each compound. Aucubin and catalpol were tested in the same trial with one control group.
After 7 days, we sacrificed bees and prepared intestines as described above (see Crithidia inoculum). We placed 10 ml aliquots of macerated intestine on a haemocytometer and counted amastigote and choanomastigote cell types in five subfields of the grid at 10Â magnification with a dissecting microscope. We summed these counts and calculated Crithidia cells Â ml 21 , the variable we analyse below. For comparative purposes, we also calculated an estimate of total cells per bee. We mounted the right forewing of each bee on a microscope slide and measured radial cell length, an index of bee body size [30] .
Statistical analyses. We conducted all analyses using JMP software [31] , unless otherwise noted. Crithidia cell counts were log 10 -transformed to meet assumptions of parametric statistics. We fitted a separate analysis of covariance (ANCOVA) to compare each secondary metabolite treatment to its control, except that aucubin and catalpol, tested together, were analysed as separate treatments compared with a single control in the same ANCOVA model. For each analysis, we compared the Akaike information criterion (AIC) to select a best-fit model. Covariates retained varied among best-fit models, and included bee size estimates (weight and radial cell length), colony of origin for each bee, inoculation date, and, when multiple tests of the same compound were conducted, experimental trial number (see the electronic supplementary material, table S1). Because we made the a priori hypothesis that secondary metabolites would reduce Crithidia infection relative to controls, in our analysis of the aucubin and catalpol trial, we used linear contrasts to compare each compound to the control. To compare results across all compounds, we calculated Cohen's d effect sizes (as the difference between secondary metabolite and control treatment ANCOVA least square means divided by the root of the mean square error term from those models), with 95% confidence intervals (CI) and an overall effect size for all compounds [32, 33] .
Approximately 13% of bees had no detectable Crithidia infection after 7 days, suggesting they had cleared their infection. We excluded these replicates from the analysis described above, but used logistic regression to test whether diet treatment influenced the likelihood that bees would be Crithidia-free after 7 days.
We used logistic regression and Kaplan-Meier estimates to compare proportions of bees that died during experiments to assess mortality risk to bees of consuming secondary metabolites. We treated the data as right-censored, considering those bees that died as 'failed' and those that survived for 7 days as 'censored'.
(iii) Experiment 2: costs and benefits of secondary metabolite consumption
In November to December 2013, we further investigated the effects of anabasine, the secondary metabolite that caused the greatest reduction in Crithidia cell number (see Results), on bee survival and reproduction in a factorial experiment crossing parasite status (infected with Crithidia versus control) with diet treatment (anabasine presence versus absence) in groups of worker-caste bees, hereafter referred to as microcolonies (electronic supplementary material, figure S1 ; [34] ). Unmated workers lay haploid (male) eggs when isolated from the queen, and microcolonies are an effective means of estimating whole-colony reproduction as a function of diet [11, 35] . We placed trios of newly emerged bees in 500 ml clear deli containers (RD 16C, Placon Products, Madison, WI, USA) with an absorbent paper insert and fed them ad libitum 30% sucrose solution and pollen for 2 days before treatments began. Bees came from nine source colonies, and each microcolony contained only sisters. Each of four treatment combinations had a sample size of 12 -16 microcolonies, and source colony was randomly distributed across treatment groups. For the Crithidia treatment, bees were individually inoculated (see Crithidia inoculum), then returned to their microcolony, while bees in the control treatment were handled similarly but not inoculated. For the diet treatment, microcolonies were provisioned with 30% sucrose solution either with or without 20 ppm anabasine daily. This is a higher anabasine concentration than we used in the first experiment (table 1), but it falls within the natural range encountered in floral nectar [36] and was used in order to assess the highest potential costs and benefits to bees of consuming anabasine.
We provisioned microcolonies daily with 5 ml of their assigned nectar treatment in a 30 mm diameter Petri dish fitted with a dental cotton wick, and an approximately 400 mg ball of nectar-moistened pollen dipped in melted bees' wax. To measure food consumption we weighed each nectar and pollen rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142471 ration before and 24 h after exposure to bees. To account for mass lost to evaporation, we also measured changes in mass of nectar solutions and pollen balls over 24 h in containers without bees (n ¼ 29 for each treatment). We recorded daily observations of bee mortality and egg laying, and looked for stress indicators such as oophagy and larval ejection, but did not detect any. We removed replicates from the experiment after more than or equal to two bee deaths, and terminated all microcolonies 14 days after first egg laying (or 35 days after initiation if no reproduction had occurred). After two weeks of development, larvae have reached later instars but have not yet pupated, and we were thus able to study numbers and mass of offspring without introducing density-dependent effects of additional adult bees [35] . For each bee, we counted Crithidia cells and measured forewing radial cell length, and for each microcolony we counted and weighed all eggs and larvae. We include in our analyses a metric of within-microcolony size dimorphism [(largest bee radial cell/smallest bee radial cell)21] [37], because size variation can affect microcolony food consumption and reproduction via social dominance behaviour [29] .
Statistical analyses. We used linear models to analyse effects of parasite status and diet treatment on individual and microcolony response variables, including Crithidia cell counts, daily consumption of nectar and pollen, egg production and bee survival. Depending on the analysis, we also considered as fixed effects microcolony age, number of days since colony initiation (hereafter 'day'), individual and mean radial cell length, within-microcolony size dimorphism, daily food consumption and interactions between effects. As random effects, we included colony of origin and microcolony. For each analysis, we report a best-fit model that had the lowest AIC score of those we considered.
We used a linear mixed model to compare log 10 -transformed Crithidia cells per bee between diet treatments. All bees in the uninfected treatment were verified as Crithidia-free at the end of the experiment, and excluded from this analysis. The best-fit model included diet treatment, day (of colony termination), size dimorphism and the diet Â dimorphism interaction as fixed effects, and microcolony as a random effect. Because microcolony dimorphism had significant explanatory power in this analysis, we then used simple linear regression to ask whether the magnitude of size dimorphism was driven by the size of individual bees.
We used repeated-measures ANOVA to compare daily nectar and pollen consumption by microcolonies, specifying day as the repeated term. Nectar and pollen mass loss owing to evaporation did not differ between anabasine and control nectar treatments (nectar: F , 0.1, p . 0.7), but evaporation was significantly positively correlated with starting mass (nectar: r 2 ¼ 0.71, F 1,81 ¼ 193.91, p , 0.0001; pollen: r 2 ¼ 0.25, F 1,81 ¼ 27.37, p , 0.0001). We thus corrected daily nectar and pollen mass loss calculations with regression equations from these analyses. Best-fit models of nectar and pollen consumption each included as fixed effects, diet and Crithidia treatments and their interaction, as well as the number of bees alive in the microcolony each day, and as random effects, individual microcolony nested within parasite and diet treatments.
We used logistic regression to compare the probability of reproduction among microcolonies. For microcolonies that reproduced, we then used separate ANCOVAs to ask how parasite status and diet treatment affected days to first egg laying and total number and mass of eggs and larvae produced.
To compare bee survival among treatments, we fitted a mixed effects proportional hazards model with R statistical software using the package 'coxme' [38, 39] . To select fixed and random effects, we compared log-likelihood scores between candidate and null models and report here the best-fit model where this comparison maximized AIC [38] . We treated survival data as right-censored, considering as 'failed' bees that died and as 'censored' those that survived. The best-fit model of bee survival data included as fixed effects, diet and parasite treatments, and as random effects, source colony and microcolony.
Results (a) Experiment 1: effects of secondary metabolites on bee parasite infection
Crithidia populations grew rapidly in bees after inoculation, and individual bees in control treatments contained an average 9.36 Â 10 5 cells after 7 days, more than 150 times that contained in the inoculum. Crithidia cell count was significantly reduced by four of the eight compounds we tested: anabasine (81% reduction), catalpol (61%), nicotine (62%) and thymol (67%; Bees consuming anabasine were more likely to be Crithidiafree than their controls (12 of 27 bees receiving anabasine versus 6 of 39 controls; x 2 ¼ 3.80, n ¼ 84, p ¼ 0.05), but other compounds had no effect on the probability of clearing infection (x 2 , 2.38, p . 0.12).
Nearly 23% of bees across all treatments died after inoculation but before the end of the experiment. We found no effect of individual secondary metabolites (x (b) Experiment 2: costs and benefits of secondary metabolite consumption
Infected bees from microcolonies provisioned with anabasine had 65% fewer Crithidia cells than controls (figure 2a), and infection was positively correlated with the number of days bees were infected (electronic supplementary material, tables S2-S3). Overall, Crithidia cell counts decreased with greater microcolony size dimorphism and there was a significant diet treatment Â dimorphism interaction, in which disease load of bees consuming the control diet was strongly reduced when they inhabited microcolonies with greater size dimorphism, but bees receiving anabasine had similar disease loads regardless of size heterogeneity (electronic supplementary material, tables S2-S3). Microcolony dimorphism was not explained by individual bee size (linear regression: r 2 ¼ 0.006,
suggesting that the explanatory power of this variable reflects importance of within-group size heterogeneity rather than individual bee size.
Bees in the anabasine treatment consumed 16% more nectar than controls (figure 2b), but nectar anabasine had no effect on pollen consumption (figure 2c; electronic supplementary material, tables S2-S3). Crithidia infection increased pollen consumption by 24% (figure 2c) but did not affect nectar consumption (figure 2b). Nectar consumption was not affected by the diet Â parasite treatment interaction, indicating that bees did not respond to Crithidia infection by increasing consumption of anabasine (figure 2b; electronic supplementary material, tables S2-S3). Pollen consumption was also not affected by this interaction. Daily microcolony nectar and pollen consumption were positively associated with number of surviving bees, and overall, nectar consumption increased over the course of the experiment while pollen consumption decreased. For consumption of both foods, the interactions between day and diet and parasite treatments, respectively, were not statistically significant (electronic supplementary material, tables S2-S3).
Anabasine affected some estimates of microcolony reproduction, but we found no trade-off for the costs and benefits of consuming anabasine dependent on parasite status. Approximately, 67% of microcolonies survived long enough to 27) . Best-fit models in our analysis of reproductive responses included the effects of diet treatment, parasite treatment and their interaction, as well as colony of origin as a random effect. Microcolonies fed with anabasine began laying eggs 14% later than controls (mean + 1 s.e. difference of 2.0 + 1.9 days), but there was no effect of parasite status or the diet Â parasite interaction (figure 2d; electronic supplementary material, tables S2-S3).
Neither diet treatment nor parasite status affected other estimates of reproductive success, including total number and mass of eggs and larvae produced (in all cases, F , 2.40, p . 0.16). Infection with Crithidia significantly reduced bee survival, with infected bees living 4.5 + 1.4 s.e. fewer days than uninfected bees. However, anabasine consumption had no effect on bee survival (figure 2e; electronic supplementary material, tables S4 -S6).
Discussion
The role of plant secondary metabolites in mediating interactions between herbivores and their natural enemies and parasites has long been recognized [40] , but how such compounds influence other key interactions, such as those of mutualist pollinators and their parasites, has remained comparatively unexplored. By contrast, it is well known that parasites of pollinators can exert negative fitness effects on their hosts [16] , including by reducing bee survival, as we demonstrate in this study. Stimulated by insights from research on tritrophic dynamics of herbivory, we tested the hypothesis that nectar secondary metabolites mediate interactions among pollinators and their parasites. We demonstrate that alkaloids (anabasine and nicotine), a terpenoid (thymol) and an iridoid glycoside (catalpol) naturally present in nectar can reduce infection levels of a common bumblebee parasite by as much as 81% (figure 1). We also found that compared with controls, bees consuming anabasine were more likely to be completely parasite-free after a week. These results are consistent with those of one other published study showing that the alkaloid gelsemine, found in Gelsemium sempervirens nectar, lowered Crithidia infection in B. impatiens workers by 65% [13] . Although not all secondary metabolites significantly reduced Crithidia infection, the direction of each effect was negative, and the overall effect across all compounds was strongly negative (figure 1).
At least three non-exclusive mechanisms could explain the effects of plant secondary metabolites on bee-parasite interactions. These mechanisms are drawn from the wellstudied chemical ecology of plant -herbivore-parasite interactions [1] as well as research aimed at fighting Chagas and other trypanosome diseases of humans [4, 5] . First, secondary metabolites may be directly toxic to trypanosomatids such as Crithidia. Exposure to numerous alkaloid, terpenoid and phenolic compounds is lethal to Trypanosoma species, probably via interruption of protein synthesis, DNA intercalation, interaction with neurotransmitters or induction of programmed cell death [41, 42] . Second, secondary metabolites could affect bee immune function, including by upregulating bee immune response [43] , stimulating bees' endosymbiotic gut bacteria [44] , causing physical or chemical changes to gut lining [45] , or simply by inducing diuresis [17] .
This last possibility deserves further study, as we observed an increase in nectar consumption among microcolony bees that consumed anabasine (figure 2b). Third, secondary metabolites could alter metacyclogenesis, a critical process by which trypanosomes transition between amastigote and choanomastigote life stages [45] . Indeed, some efforts to combat Chagas Disease focus on the chemical interruption of metacyclogenesis [46] . Additional research is needed to identify the mechanisms responsible for the reduction of Crithidia infection by secondary metabolite ingestion by bees.
Given mounting concerns over global declines in natural and managed bees and the role of parasites in such declines, the chemistry of bee diets could play an important role in mitigating bee-disease dynamics, assuming anti-parasite benefits outweigh any costs of consumption. While we identified an anti-parasite benefit to consuming the alkaloid anabasine, we found little trade-off in terms of reproduction or survival, contrary to our original prediction. The only cost of anabasine consumption we detected was a 2-day delay in onset of egg laying, with no effect on the eventual number or mass of eggs and larvae. These results are in contrast to studies showing lethal and sublethal effects of anabasine on other insects [47] . Moreover, although bumblebees are known to be deterred from feeding by some secondary metabolites in nectar and pollen [48, 49] , bees in this experiment increased rather than decreased consumption of nectar containing a high concentration (20 ppm) of anabasine. This is striking, given previous work demonstrating that honeybees are deterred from consuming nectar containing more than or equal to 5 ppm anabasine [36] . In our investigation of costs and benefits, we uncovered the interesting result that bee-disease load was lower in microcolonies with greater size dimorphism, but only for bees consuming the control rather than anabasine diet. While we do not know the mechanism underlying this pattern, we note that one previous study highlighted the influence of a size-linked trait, colony dominance hierarchy, on outcomes of secondary metabolite consumption by bees [29] .
We found that Crithidia infection reduced bee survival, as has also been shown in Bombus terrestris [16] , suggesting common negative effects of Crithidia infection across Bombus species. Survival of bees infected with Crithidia that consumed the control diet was 46%, whereas infected bees consuming anabasine had 70% survival (figure 2e); despite the substantial disparity between these proportions, the difference was not statistically significant. However, because Crithidia has its biggest fitness impacts on food-stressed bees [50] , the consequences of anabasine consumption may be underestimated by laboratory studies with ad libitum food. Future research should investigate sources of the high variation in survival and potential relationship to diet in more natural settings. One hypothesis is that the variation in the magnitude of infection due to anabasine consumption affected bee survival probability. Understanding how the magnitude of infection within bees as well as within colonies relates to individual bee and colony survival and reproduction will generate predictive insight into the degree to which secondary metabolites must reduce infection level to influence bee-disease dynamics.
Although we did not observe a significant fitness benefit of consuming anabasine when bees were parasitized, the consumption of secondary metabolites in nectar could still have important prophylactic effects on bee colony health and rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142471 transmission dynamics. Crithidia spreads via infected faeces in the nest and at flowers, and gut cell counts, such as those we assessed in our experiments, are tightly correlated with faecal cell counts [27] . Thus, by reducing infection intensity, nectar secondary compounds could play important roles in reducing Crithidia transmission among nest-mates within colonies as well as among bees foraging in the wild. Understanding how floral traits such as nectar secondary chemistry mediate vertical and horizontal disease transmission represents an unexplored frontier in need of future research [51] .
Four caveats are important to consider in the interpretation of our results. First, we did not account for the presence of horizontally transmitted endosymbiotic gut bacteria, which contribute to the immune response of bumblebees to Crithidia [44] . However, commercial bumblebee colonies probably retain their naturally occurring gut fauna, and newly eclosed experimental bees may have acquired these bacteria from contaminated pupa cases. Future work should investigate the effect of secondary metabolites on bee disease in the context of symbiont communities. Second, our experiments examined effects of single compounds at single concentrations, but concentrations in nectar are variable within and between plant populations [52] , bees also consume compounds in pollen [10, 11] , and bumblebees may consume multiple secondary metabolites as larvae and adults [53] . Thus, the concentrations used in this study probably underestimate bees' actual exposure to plant chemicals. Moreover, there could be non-additive effects between suites of compounds present in single floral nectars, such as aucubin and catalpol (in Chelone glabra nectar; table 1), or gathered by bees from multiple sources. Third, our study focused only on the effects of secondary metabolites post-infection in adult workers, but secondary metabolites could also affect Crithidia viability in floral nectar prior to ingestion and transmission to new hosts [26] . If these compounds are deleterious to Crithidia within the gut of its host, they may also render nectar in flowers inhospitable to the parasites, although for one alkaloid, this is not the case [13] . Secondary metabolites could also confer parasite resistance to larval and adult bees when they are consumed before infection, perhaps by priming bees' immune response to disease [43] . Fourth, our microcolony experiment examined the effects of anabasine and Crithidia only during egg and larval development, but reproductive costs and benefits to bees could accrue after that time. For example, anabasine consumption could affect the proportion of offspring that successfully eclose as adults or horizontal transmission of Crithidia to adult offspring. These important questions were beyond the scope of this study, but should be addressed in future research.
As autotrophs, plants are key components of terrestrial ecosystems, and plant secondary metabolite chemistry plays a significant role in mediating interactions with herbivores [1] . Here we demonstrate that some compounds with welldescribed anti-herbivore effects can reduce parasite loads within pollinators. We found little evidence for direct negative effects of secondary metabolites on the consumers themselves, and for anabasine, bees were stimulated to consume rather than avoid the compound in nectar. Future work should examine how secondary metabolites such as anabasine can function as deterrents to insect herbivores in leaves while also increasing consumption by pollinating mutualists. One possibility suggested by our results is that bees could self-medicate by consuming plant secondary metabolites when they are infected with parasites [3, 54] .
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